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Introduction: Despite its presumed effectiveness and clinical use, the physiology of selective visceral perfusion combined
with distal aortic perfusion during open thoracoabdominal aortic surgery has not been characterized. Thus, the aim of
this study was to establish a translatable model of thoracic aortic-clamping to assess the effect of selective visceral
perfusion with added distal aortic perfusion on local intestinal macrohemodynamics and microhemodynamics, intestinal
histopathology, and markers of inflammation and intestinal damage.
Methods: A thoracolaparotomy was performed in 15 pigs, and the aorta was exposed, including the origins of celiac trunk and
superior mesenteric artery. The animals were divided into three cohorts: control (I), thoracic aortic cross-clamping (II), and
thoracic aortic cross-clamping with selective visceral perfusion plus distal aortic perfusion using extracorporeal circulation
(III). Macrocirculatory and microcirculatory blood flow was assessed by transit time ultrasound volume flow measurements
and fluorescent microspheres. Intestinal ischemia-reperfusion injury was determined by the analysis of perioperative intestinal
fatty acid-binding protein (IFABP) and interleukin-8 (IL-8) levels and correlated with histopathologic changes.
Results: Severe intestinal tissue injury and an inflammatory response were observed in cohort II compared with cohort III for
IL-8 (38.2 vs 3.56 pg/mL; P  .04). The procedure in cohort III resulted in a flow and pressure-associated intestinal
hypoperfusion comparedwith cohort I in the superiormesenteric artery (mean blood pressure, 24.1 10.4 vs 67.2 7.4mm
Hg; P< .0001; mean flow rates: 353.3 133.8 vs 961.7 310.8 mL/min; P< .0001). This was paralleled in cohort III vs
cohort I by a significant mucosal injury (IFABP, 713  307.1 vs 170  115.4 pg/mL; P  .014) despite a profound
recruitment of intestinal microcirculation (338%  206.7% vs 135%  123.7%; P  .05).
Conclusions: This study reports a novel large-animal model of thoracic aortic cross-clamping that allows the study of
visceral perfusion strategies. However, we demonstrated with IL-8 and IFABP measurements that thoracoabdominal
aortic aneurysm surgery with selective visceral perfusion and distal aortic perfusion is superior to the clamp-and-sew
technique, even though small intestinal tissue damage cannot be completely avoided by selective visceral perfusion and
distal aortic perfusion. In any case, this model seems to be a platform to evaluate and optimize measures for gut wall
protection. (J Vasc Surg 2012;56:149-58.)
Clinical Relevance:Despite its presumed effectiveness and clinical use, the physiology of selective visceral perfusion (SVP)
with added distal aortic perfusion (DAP) during open thoracoabdominal aortic surgery has not been characterized.
However, we demonstrated that thoracoabdominal aortic aneurysm surgery with SVP and DAP is superior to the
clamp-and-sew technique, even though intestinal tissue damage cannot be completely avoided by SVP plus DAP. In any
case, this model seems to be a platform to evaluate and optimize measures for gut wall protection.
t
s
s
A
R
T
0To reduce the morbidity and mortality of the clamp-
and-sew technique in open thoracoabdominal aortic aneu-
rysm (TAAA) repair, a variety of perioperative organ pro-
From the European Vascular Center Aachen-Maastricht, Department of Vas-
cular Surgery, RWTH University Hospital Aachen, Aachena; European Vas-
cular Center Aachen-Maastricht, Department of Surgery, AZM University
Hospital Maastricht, Maastrichtb; the Institute of Medical Statisticsc and the
Institute for Laboratory Animal Science and Experimental Surgery,d RWTH
University Aachen, Aachen; the Department of Physiology, Maastricht Uni-
versity, Maastrichte; and the Nutrition and Toxicology Research Institute
Maastricht (NUTRIM),f and the Department of Surgery,g AZM University
Hospital Maastricht, Maastricht.This study was funded by the research promotion program “START ” of the
Medical faculty of RWTH Aachen University.
C
hection strategies have been proposed.1-4 Most of these
urgical protocols use extracorporeal circulation, such as
elective visceral perfusion (SVP) and distal aortic perfusion
uthor conflict of interest: none.
eprint requests: Michael J. Jacobs, PhD, European Vascular Center Aachen-
Maastricht, Department of Vascular Surgery, RWTH University Hospital,
Pauwelsstr 30, 52074 Aachen, Germany (e-mail: m.jacobs@mumc.nl).
he editors and reviewers of this article have no relevant financial
relationships to disclose per the JVS policy that requires reviewers to
decline review of any manuscript for which they may have a conflict of
interest.
741-5214/$36.00
opyright © 2012 by the Society for Vascular Surgery.
ttp://dx.doi.org/10.1016/j.jvs.2011.11.126
149
m
k
i
f
m
l
b
p
w
a
o
o
i
h
(
v
r
a
c
c
m
b
t
r
v
F
i
I
h
v
p
t
JOURNAL OF VASCULAR SURGERY
July 2012150 Kalder et al(DAP), combined with the initiation of mild hypothermia.
Thereby, extracorporeal circulation aims to maintain a suf-
ficient flow of oxygenated blood to inner organs, such as the
small intestine, and can thus prevent irreversible ischemia-
reperfusion injury. By following these surgical strategies, peri-
operative mortality rates of 10% have been reported in
highly specialized centers.5-7
Nonetheless, there is strong evidence that a significant
perioperative intestinal ischemia-reperfusion injury occurs
after aortic repair despite these protective measures. SVP
and DAP, during open surgical aortic reconstruction, were
recently shown to result in elevated levels of the intestinal
fatty acid-binding protein (IFABP), which represents a
sensitive marker for mucosal damage.8 Increased markers of
systemic inflammation, such as interleukin (IL)-6 and IL-8,
were also detectable, indicating inflammatory activation.8
The extent of intestinal ischemia-reperfusion injury corre-
lated positively with the systemic proinflammatory response
and might therefore represent an important trigger for a
systemic inflammatory response syndrome, leading to mul-
tiorgan dysfunction or failure.9-12 The detailed patho-
mechanisms responsible for intestinal ischemia-reperfusion
injury during aortic repair, however, remain unknown.
Even so, clinical study data strongly suggest that intestinal
macrocirculatory and microcirculatory perfusion deficits
may be important.8
As yet, only limited information is available about
whether routinely applied artificial intestinal perfusion suf-
ficiently restores the physiologic blood flow in the major
visceral vessels (celiac trunk [CT], superior mesenteric ar-
tery [SMA]) as well as in the gut wall microvasculature
during open surgical aortic repair, thus preventing intesti-
nal malperfusion. Therefore, the objective of this study was
to establish a translatable model of thoracic aortic cross-
clamping (TAC) to assess the effect of selective visceral
perfusion with added DAP on local intestinal macrohemo-
dynamics and microhemodynamics, intestinal histopathol-
ogy, and markers of inflammation and intestinal damage.
METHODS
Animal and preparation. All experiments were per-
formed in accordance with German legislation governing
animal studies, following The Guide for the Care and Use of
Laboratory Animals (US National Institutes of Health pub-
lication No. 85-23, National Academy Press, Washington
DC, revised 1996). Official permission was granted from
the governmental animal care and use office (Landesamt
für Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen, Recklinghausen, Germany).
Fifteen female German Landrace pigs from a disease-
free barrier breeding facility were housed in ventilated
rooms (22°C and 50% relative humidity) and allowed to
acclimatize to their surroundings for a minimum of 5 days
before surgery. Animals were fasted overnight before the
surgical procedures, with water allowed ad libitum. After
acclimatization, 500 mL blood was taken from each animal,
stored at 4°C, and later used for retransfusion. Before
storage, the white blood cells were filtered out. (After 2 weeks, the animals were premedicated intra-
uscularly with 1% atropine (1 mL), azaperone (0.2 mL/
g), and ketamine (0.1 mL/kg). Anesthesia was induced
ntravenously (i.v.) with pentobarbital (10 to 25 mg/kg),
ollowed by an endotracheal intubation. Anesthesia was
aintained by fentanyl (45 to 90 g/kg/h, i.v.) and inha-
ation of 1.5% isoflurane in an air mixture with 50% oxygen
y using intermittent positive-pressure ventilation with a
ositive end-expiratory pressure of 5 mm Hg. The animals
ere actively warmed during the entire experiment.
A left-sided thoracolaparotomy was performed on all
nimals to expose the thoracic and abdominal aorta and the
rigins of the CT, the SMA, and both renal vessels. Animals
f cohort I (n  5; control) underwent a sham operation,
ncluding exposure of the aorta, and were observed for 3
ours. Cohort II (n  5) underwent 1 hour of TAC
thoracal 7), infrarenal clamping, and clamping of the
isceral vessels without incising the aorta. No extracorpo-
eal circulation (ECC) was implemented (Fig 1, A). The
nimals of cohort III (n  5) underwent 1 hour of SVP
ombined with a distal aortic perfusion. The aorta was
lamped at level thoracal 7 and below the renal and inferior
esenteric artery. To prevent back bleeding from the lum-
al and intercostal arteries, additional aortic clamps were
angentially positioned at the origins of the visceral and
enal vessels, the aorta was longitudinally incised, and the
isceral vessel was safely intubated with the SVP catheter
ig 1. Experimental setup: A thoracolaparotomy was performed
n all animals.A,Cohort I: no procedure (sham-operation); cohort
I: 1 hour of thoracic aortic cross-clamping (TAC), followed by 2
ours of reperfusion. B, Cohort III: 1 hour of TAC with selective
isceral perfusion (SVP), followed by 2 hours of distal aortic
erfusion (DAP). Five pigs in each cohort (n  15). CT, Celiac
runk; SMA, superior mesenteric artery.Fig 1, B). After restoring the perfusion in cohorts II and
6
i
t
D
a
a
t
f
i
t
a
q
r
c
p
p
e
t
1
p
s
t
I
t
m
a
s
c
w
s
m
JOURNAL OF VASCULAR SURGERY
Volume 56, Number 1 Kalder et al 151III, the animals were observed for another 2 hours of
reperfusion.
To run the ECC, a Jostra HL20 roll pump (MAQUET
Cardiopulmonary AG, Hirrlingen, Germany) was used.
Furthermore, an arterial 16F and a venous 24F femoral
cannula (MEDOS Medizintechnik AG, Stollberg, Ger-
many) were inserted into the external iliac vessels establish-
ing the DAP. Four balloon blockable 12F and 14F cathe-
ters (Edwards Lifesciences, Irvine, Calif) were deployed
into the CT, SMA, and into both renal arteries to ensure
the SVP. The ECC was primed with saline, hydroxyethyl
starch, osmofundine, the 500 mL of previously stored
blood, and heparin (5000 IU). The applied tubing system
was a Hilite closed system with a Hilite 7000 oxygenator,
an arterial Filter Dideco (40 m), and a tubing system,
including four 0.1875-inch tubes for the SVP (MEDOS).
SVP and DAP were driven by the same roller pump. After
TAC, the ECC was driven at a 100% flow rate (body surface
area  2.4  100% flow rate).
During the experiment, arterial (carotid artery and
abdominal aorta) and central venous (inferior cava vein)
blood pressures were measured continuously through in-
travascular lines. Catheters were placed in the left ear and
the right external jugular vein for fluid administration.
Heart rate, oxygen saturation, body temperature, and uri-
nary excretion were monitored. Additional catheters were
placed in the portal vein for blood sampling and in the
thoracic aorta for repeated application of fluorescent micro-
spheres to investigate microcirculation. Pigs were eutha-
nized at the end of the experiment.
Blood sampling. Blood was sampled from the aorta,
inferior cava vein, and portal vein after surgical preparation
(T ), at the beginning (T ) and at the end (T ) of the main
Fig 2. Timeline of experiments. Part 1: Thoracolaparot
ment. Part 2: One hour of specific procedure (cohorts I-I
perfusion; SVP, selective visceral perfusion.1 2 3
procedure, and during the reperfusion period at 15 (T4), F0 (T5), and 120 minutes (T6; Fig 2). At these defined
ntervals, lactate concentrations and blood gas concentra-
ions were assayed in a Radiometer ABL 615 (Copenhagen,
enmark). Blood was collected as serum and ethylenedi-
minetetraacetic acid plasma, and the plasma was immedi-
tely stored on ice. After blood centrifugation, aliquots of
he serum and plasma fractions were stored at80°C until
urther analysis.
Hemodynamics in major visceral arteries. After
dentification and preparation of the SMA and the CT,
ransit-time ultrasound flow probes were positioned
round the vessels. The blood pressures for cohort III were
uantified at the tip of the SVP catheters. The blood-flow
ate of the visceral arteries (CT, SMA) was assessed by
ontinuous measurements using 4-mm vascular (to assess
hysiologic flow parameters) and 0.1875-inch tubing flow
robes (when major vessels were cannulated by flow cath-
ters), respectively (Transonic Systems, Ithaca, NY).
Intestinal microcirculatory blood flow. To quantify
he microcirculatory blood flow of the small intestinal wall,
5-m Fluorescent–Dye-Trak “F” microspheres (4 million
er injection, labeled with yellow, lemon, orange, or per-
immon) were injected at T1, T2, T3, and T4 into the ECC
ubing system and in the descending aorta, respectively.
mmediately after euthanasia, three sections of small intes-
ine were taken (from the upper and lower jejunum and the
iddle of the ileum). Parts of these sections were cut open
nd were separated into mucosal and muscular layers. All
pecimens were stored at 80°C. To measure the fluores-
ence emanated by the microspheres, the tissue samples
ere dissolved using 1 N KOH in 96% ethanol. The micro-
pheres were filtered, dissolved, and the fluorescence was
easured with a PerkinElmer LS50 as is described in the
catheter, and flow probe placement, baseline measure-
art 3: Reperfusion period (2 hours). DAP, Distal aorticomy,
II). PluoSpheres Users Manual (Triton Technology, Inc, San
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the measured fluorescence of the mucosal and the muscular
layer was calculated to assess blood flow distributed be-
tween those two layers.
Intestinal ischemia-reperfusion injury and systemic
inflammatory response. To detect early small intestine
injury, intestinal fatty acid-binding protein (IFABP) was
measured.14,15 The plasma concentrations of IFABP were
analyzed by using an enzyme-linked immunosorbent assay
(ELISA) kit (Hycult Biotechnology, Uden, The Nether-
lands) according to the manufacturer’s guidelines.
Intestinal specimens were taken from the upper and
lower jejunum and in the middle of the ileum and stained
with hematoxylin and eosin. All small intestine specimens
were graded (original magnification, 100) according to
the following score of Hierholzer et al16:
● Score 0: No specific pathologic changes; normal gut
wall architecture, including villi, crypts, lamina propria
and muscularis externa;
● Score 1: Mild mucosal damage; denudation of villi
epithelium, otherwise normal structure;
● Score 2: Moderate damage; loss of villus height and
epithelial sloughing with evidence of congestion, hem-
orrhage, and inflammation in the mucosa, but no
changes in submucosa or muscularis externa;
● Score 3: Extensive damage; loss of a large number of
villi, including denudation, sloughing, and the pres-
ence of granulomatous tissue with the damage local-
ized to the submucosa and muscularis; and
● Score 4: Severe damage and necrosis; inflammation
and necrosis in areas throughout the thickness of the
intestinal wall.
For quantification of gut wall injury, two cross-sections
from blocks obtained from three different regions of the
small intestine from animals of all experimental groups were
analyzed by an independent pathologist (N.B.).
Levels of inflammatory cytokines IL-6 and IL-8 were
assessed to evaluate the early inflammatory response. These
markers were measured at T1 and singly measured at T5
(only IL-6) and at T6 (only IL-8). IL-6, in particular, is a
suitable marker for whole tissue damage, whereas IL-8 is an
apt marker for early systemic inflammatory response.17 The
plasma levels of these two markers were analyzed according
to the manufacturer’s guidelines with a porcine IL-6 and
IL-8 ELISA kit (R & D Systems, Inc, Minneapolis, Minn).
Statistical analysis. All statistical analyses were con-
ducted using SAS 9.1 software (SAS Institute, Cary, NC).
Continuous variables are expressed as mean values  stan-
dard deviation. Two-way repeated measures analysis of
covariance (ANCOVA) was used to investigate the effects
of the cohort (group factor, three levels: control, TAC,
TAC SVP ECC), time (repeated factor) and cohort
time (interaction term) on the different variables (except
the Hierholzer-Score), corrected for their baseline values
(covariate). For a subset (arterial blood pressure [CT and
SMA], blood flow rates [CT and SMA], microcirculatory
blood flow, muscosal/muscular ratio, O2 extraction ratio mER], pH difference in arterial and portal venous blood) of
he variables, separate analyses were performed for the main
rocedure (T2, T3) and the reperfusion period (T4, T5, T6)
ue to obvious differences between these two intervals,
hich were not the object of the investigation. In these
ases, the development during the main procedure was of
rimary interest.
For all repeated-measures ANCOVA the requirements
f normally distributed residuals and homoscedasticity
ere checked using normal probability and residual plots.
hen necessary, a bijective transformation on the response
ariable was performed to meet the requirements. The
ierholzer-Score was analyzed using the nonparametric
ruskal-Wallis test. Because both investigated times, T3
nd T6, were statistically significant, the Kruskal-Wallis test
as followed by post hoc unpaired two-sided Wilcoxon
ests for pair-wise comparison of the three cohorts.
ESULTS
Animal characteristics. The 15 study animals weighed
0  6 kg and had a body surface area of 1.45  0.12 m2.
t T1, the respective mean values for all cohorts were mean
rterial blood pressure of 75  11 mm Hg, hematocrit of
0%  5%, and nasopharyngeal temperature of 36.1° 
.9°C. The mean partial pressure of arterial carbon dioxide
PaCO2) and oxygen (PaO2) were 40 5 and 154 44 mm
g, respectively. During the main experiment, the hemat-
crit, temperature, and arterial oxygen content did not vary
mong the three cohorts (Table).
Macrohemodynamics and microhemodynamics. Fig
presents the mean arterial blood pressure of the three
ohorts. Compared to the control group (I), significantly
ower blood pressures were found in cohort III in the CT
nd SMA during the main procedure (T2-3: PCT  .0324;
SMA  .0002). Blood flow rates through CT and SMA
ere significantly decreased during SVP (T2-3: PCT .002;
SMA  .0045l; Fig 4). Although the ECC was driven at
he calculated 100% flow rate (3.5  0.3 L/min), blood
ressure dropped to 76% in the CT and to 34% in the SMA,
nd the flow decreased in these major vessels by 60% in the
T and 63% in the SMA. However, microsphere measure-
ents revealed substantial microcirculatory recruitment in
VP animals compared with controls (T2-3: PI vs III 
0121; Fig 5, A) and even more so in the calculated
able. Variables during the main procedurea
Temperature Hematocrit Arterial oxygen
ohort (°C) (%) (mL O2/100 mL)
(control) 35.5  1.5 26  6 11.5  2.5
I (TAC) 35.5  0.9 24  5 10.0  1.9
II (TAC  SVP 
AP)
35.0  1.6 25  4 11.0  2.1
AP, Distal aortic perfusion; SVP, selective visceral perfusion; TAC, tho-
acic aorta cross-clamp.
Values are shown as mean  standard deviation at the beginning of the
ain procedure together with the end of the main procedure.ucosal/muscular ratio at T2-3 (PI vs III .0018; Fig 5, B),
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lation.
Intestinal metabolism. The intestinal oxygen con-
sumption (VO2) seemed to remain stable at between 20 and
30 mL O2/mL in cohorts I and III. No significant changes
in VO2 were detected between those two cohorts (PI vs III
.9905). In contrast to the intestinal oxygen consumption,
the O2ER increased significantly during SVP at T2-3 (PI vs III
.0062) compared with the control animals (Fig 6, A). Because
of a measured zero flow in CT and SMA during TAC in
cohort II, VO2 and O2ER were not calculable. Neverthe-
less, compared with cohort I, increased lactate concentra-
tions (Fig 6, B) were observed in cohorts II and III.
Furthermore, a significant metabolic acidosis (Fig 7, A)
occurred in the portal venous system (PI vs II .002; PI vs III
.0001) until T2 in cohorts II and III. As expected, these meta-
bolic alterations were most obvious when no artificial per-
fusion was applied during TAC (cohort II). The analysis of
the pH difference in arterial and portal venous blood at T2
and T3, indicated that acidosis occurred within the small
intestine in cohort III (PI vs III .0052) and was even worse
in cohort II (PI vs II  .0001; PII vs III  .0221). The pH
changes were cohort I, T2  0.025  0.030 and T3 
0.042  0.029; cohort II: T2  0.280  0.097 and
T3  0.435  0.161; and cohort III: T2  0.198 
0.090 and T3  0.248  0.123.
Intestinal ischemia-reperfusion injury. The results
Fig 3. Periprocedural blood pressure measurement. An intra-
arterial line was placed into the right common carotid artery and
the pressure was measured at T1, T4, T5 and T6 in all cohorts as well
as in cohort I at T2 and T3. In cohort II, the blood pressure was
measured through an intra-arterial catheter deployed in the visceral
aorta. In cohort III at T2 and T3, the pressure was monitored
through lines at the tip of the selective perfusion catheters. Thus, in
cohort III at T2 and T3, the celiac trunk (TAC SVPDAP-CT)
and superior mesenteric artery (TAC  SVP  DAP-SMA) were
separately measured and analyzed. DAP, Distal aortic perfusion;
SVP, selective visceral perfusion; T1, surgical preparation; T2, be-
ginning of the main procedure; T3, end of the main procedure; T4,
reperfusion at 15 minutes; T5, reperfusion at 60 minutes; T6,
reperfusion at 120 minutes; TAC, thoracic aorta cross-clamp.of IFABP measurements showed that intestinal mucosal onjury occurred despite SVP during TAC (Fig 7, B). How-
ver, intestinal damage during TAC was profound when no
rotective measures were applied in the TAC animals. The
istologic analysis of tissue specimens of cohorts I and
II showed moderate tissue damage (median Hierholzer
core 2; Fig 8, A and C), whereas the tissue sections of
ohort II were graded with a median Hierholzer score of
at T3 and T6 (Fig 8, B), indicating extensive tissue
amage (T3: PI vs II  .0075, PII vs III  .0056; T6: PI vs
I  .019, PII vs III  .02).
Systemic inflammatory response. With respect to
L-6, which represents a general marker of the early inflam-
atory response and of tissue damage, a significant overall
L-6 increase was noted in all cohorts (cohort I: T1  0 
, T5  105.01  67.94; cohort II: T1  2.20  4.84,
5  95.66  71.82; cohort III: T1  2.26  5.06, T5 
5.10  72.50 pg/mL; PT1 vs T5  .0001). Nevertheless,
o significant differences were detectable among the exper-
mental groups at T5, (Poverall  .2788). A significant
ncrease was noted in the early inflammatory marker IL-8 in
ohort II at T6 (PII T1 vs T6 .0331). Likewise, the increase
iffered significantly compared with cohorts I and III at T6
cohort I: T1  0  0, T4  2.48  2.32, T6  1.14 
.54; cohort II: T1 0 0, T4 0.62 0.77, T6 38.19
6.75; cohort III: T1 1.40 2.07, T4 2.80 2.76, T6
.56 5.34 pg/mL; PI vs II .0359; PII vs III .0374).
ISCUSSION
In the current study we established a novel translatable
arge-animal model of TAC that allowed us to study and
ompare different visceral perfusion models. Therefore, we
esigned this current study to compare TAAA repair with
he clamp-and-sew technique vs the repair with SVP plus
AP.
We demonstrated that TAC without organ protection
esulted in a severe intestinal ischemia-reperfusion injury.
urprisingly, despite its presumed effectiveness, SVP with
AP just partially restores the blood flow in the major
isceral vessels. As a consequence, the microcirculation
hanged, a mucosal injury, as reflected by the release of
FABP, was detected, and lactate acidosis appeared, despite
he protective measures used in this model. Hence, this
ecessitates further strategies to protect the gut wall more
ffectively. Thus, our new large-animal model will be a
uitable platform to improve these new strategies.
With respect to the animals, Landrace pigs were chosen
ecause the respective values for hemodynamic parameters,
uch as mean blood pressure, cardiac output, and organ-
pecific blood flow rates in these animals are comparable to
hose of humans.18-20 Furthermore, the vascular anatomy
f these animals (vessel origins and caliber) is very similar to
he human anatomy. Thus, it is feasible to use the same
echnical equipment as applied in human major aortic
urgery to establish an ECC, such as a standard roller pump,
tandard cannulas and catheters, and tubing systems. To
ssess the intestinal injury and inflammatory response with
r without SVP, we chose a 1-hour interval of TAC,
a
h
m
a
t
d
aorta
JOURNAL OF VASCULAR SURGERY
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tions give the rational basis for the time intervals chosen,
because elevated plasma IFABP, IL-6, and IL-8 levels in
patients undergoing SVP during TAAA repair reached their
peak values already after 2 hours of reperfusion.8
Altogether, our experimental setup simulates the clini-
Fig 4. Flow rate measurements during the whole experim
and (B) superior mesenteric artery (SMA) vessels and at T
DAP, Distal aortic perfusion; SVP, selective visceral pe
procedure; T3, end of the main procedure; T4, reperfusion
at 120 minutes; TAC, thoracic aorta cross-clamp.
Fig 5. Measurement of microcirculation by 15-m fluo
T2 and T3 in cohort III directly into the extracorporeal
entire gut wall. B, The ratio between the weight-corr
muscular layer is calculated. DAP, Distal aortic perfusion
beginning of the main procedure; T3, end of the main pr
minutes; T6, reperfusion at 120 minutes; TAC, thoraciccal operation and therefore provides a basis for physiologic tnd pathophysiologic studies. However, our use of young
ealthy animals may be a limitation of the experimental
odel because most patients with aneurysmal disease have
significant comorbidity, among them vascular degenera-
ive disease, hypertension, and metabolic disorders such as
iabetes.5 These factors may have already had an effect on
were performed at the origin of the (A) celiac trunk (CT)
T3 in cohort III at the selective perfusion tubing system.
n; T1, surgical preparation; T2, beginning of the main
minutes; T5, reperfusion at 60 minutes; T6, reperfusion
nt microspheres injected into the descending aorta or at
lation tubing system. A, Perfusion is calculated for the
emanated fluorescence between the mucosal and the
, selective visceral perfusion; T1, surgical preparation; T2,
re; T4, reperfusion at 15 minutes; T5, reperfusion at 60
cross-clamp.ent
2 and
rfusio
at 15resce
circu
ected
; SVP
oceduhe physiologic intestinal blood supply and may be of
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sion and postischemic reperfusion.21
Protective organ measures are widely used in TAAA
surgery; however, data based on adequate animal models
are rare. Therefore, there are little data to compare with the
current study. Idu et al18 recently assessed the effect of a left
heart bypass and selective organ perfusion during suprace-
Fig 6. Markers for (A) aerobic oxygen extraction ratio
calculated. The oxygen extraction ratios were calculated
perfusion; SVP, selective visceral perfusion; T1, surgical pr
main procedure; T4, reperfusion at 15 minutes; T5, repe
thoracic aorta cross-clamp.
Fig 7. A, Repeated pH measurements were conducted
intestinal fatty acid-binding protein (IFABP), which is
Distal aortic perfusion; SVP, selective visceral perfusion; T
T3, end of the main procedure; T4, reperfusion at 15 m
minutes; TAC, thoracic aorta cross-clamp.liac and infrarenal aortic cross-clamping on tissue oxygen- stion in a pig model. They detected a reduced blood flow in
he major visceral arteries during SVP that was paralleled by
strong decrease in the mixed oxygen saturation in the
isceral vascular bed, while the median O2ER and jejunal
CO2 increased. However, sensitive parameters indicating
mall-bowel injury or markers of inflammatory activation
ere not measured, and a histopathologic analysis of tissue
(B) anaerobic (lactate) metabolism were measured and
arterial and portal venous blood. DAP, Distal aortic
tion; T2, beginning of the main procedure; T3, end of the
n at 60 minutes; T6, reperfusion at 120 minutes; TAC,
he portal vein. B, Plasma levels (inferior cava vein) of
sitive marker for intestinal small-bowel damage. DAP,
rgical preparation; T2, beginning of the main procedure;
; T5, reperfusion at 60 minutes; T6, reperfusion at 120and
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when injury predominately occurs in TAAA patients,8 and
no sham-operated-on animals served as controls, which
allows discriminating the specific effects of SVP from the
surgical access trauma.
Our experiments confirmed that SVP results in a signif-
icant low-flow ischemia of the visceral vascular bed that is
caused by a reduction in blood flow and perfusion pressure
in the major visceral vessels. Functionally, this low-flow
ischemia was accompanied by an increased O2ER and
anaerobic cell metabolism.
As yet, no information exists about whether SVP also
deteriorates the intestinal microvascular blood flow. Auto-
regulation of blood flow and redistribution of flow within
the intestine to the mucosa is important under various
physiologic and pathophysiologic conditions and underlies
sympathetic nerve stimulation as well as a variety of vasoac-
tive substances.22-24 Because autoregulation of intestinal
blood flow is effective over a wide pressure range under
physiologic conditions, the current study shows that the
microcirculatory blood flow within the gut wall actually
increased during SVP compared with sham-operated ani-
mals. Furthermore, the strong increase in the mucosal/
muscular ratio, as calculated by fluorescence signals ema-
nating from the microspheres, indicates a redistribution of
flow to the mucosal capillaries. However, this physiologic
mechanism can only partially compensate for the SVP-
induced hypoperfusion, thus resulting in mucosal injury.
Relevant factors contributing to damage of the mucosa can
also be a reduced functional capillary density of the small
bowel and shunting of the microcirculation, as it has been
described in septic shock and after mesenteric ischemia/
Fig 8. Hematoxylin and eosin staining of small intesti
magnification,100). Moderate tissue damage (height l
and (C) TAC SVPDAP animals (cohort III). B, In c
and starting ulcer) was detected. DAP, Distal aortic per
cross-clamp.reperfusion.25-27 Furthermore, that the flow pattern (pul- matile, nonpulsatile) of our artificial organ perfusion system
ad also an effect on the intestinal microvascular blood flow
annot be excluded.28,29
Altogether, a detectable injury of the mucosa and mus-
ularis occurred as a result of a prolonged “low-flow isch-
mia” during SVP caused by a decreased overall intestinal
lood flow (CT and SMA). On the basis of our results, this
alperfusion is caused by the resistance of the extracorpo-
eal perfusion system components (eg, tubing system, cath-
ters, and connection pieces). Thus, the flow and perfusion
ressure that can be established in the visceral vascular
etwork by the SVP catheter system is too low during TAC.
his “low-flow ischemia” can only partially be compen-
ated for by autoregulation and may further deteriorate
icrovascular blood flow within the gut wall.25,30 As a
esult of ischemia, hypoxic cell damage occurs (especially to
he mucosal villous layer),which is furtheraggravatedbyoxygen-
erived free radicals that are generated on reperfusion.31 The
xtent of intestinal damage during and after SVP is very likely
ncreased in patients with significant comorbidity, such as vascu-
ar degenerative disease.21 In these patients, impaired autoregu-
ative mechanisms, as well as vascular stenoses/occlusion, may
egatively affect visceral perfusion, thus increasing the suscepti-
ility for ischemia-reperfusion injury. However, SVP prevented
he deleterious injury that could be observed after TAC without
CC.
IL-6 has been established as a valid marker for tissue
njury and early inflammation.17 In the current study, a
ignificant IL-6 increase was noted in all three experimental
ohorts, whereas a correlation with markers of intestinal
issue damage (IFABP) was not present. In contrast, we
etected a positive correlation of IFABP and IL-8, as a
iopsy specimens at 15 minutes of reperfusion (original
villi) was seen in (A) sham-operated animals (cohort I)
t II (TAC), extensive mucosal injury (destruction of villi
; SVP, selective visceral perfusion; TAC, thoracic aortanal b
oss of
ohor
fusionarker of systemic inflammation, in animals with or with-
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crease in IL-6 levels is rather unspecific and reflects the
surgical access trauma, whereas the increase in IL-8 levels
results from the intestinal ischemia-reperfusion injury.
CONCLUSIONS
Our experiments provide further evidence that SVP
reduces intestinal ischemia-reperfusion injury during TAC.
Even so, the study shows that our current ECC protocol
and equipment (such as the tubing system and perfusion
catheters) result in intestinal hypoperfusion that is accom-
panied by damage to the small intestinal mucosa and met-
abolic acidosis.
However, this translatable large-animal model provides
a basis to evaluate different measures to protect the visceral
organs during TAC. In addition, mechanical components,
such as redesigned catheters, different perfusion modes,
shunts, and ECC flow types, as well as pharmaceutical
protection measures, including ECC perfusates, precondi-
tioning drugs, or scavengers of reperfusion toxins, are
developed and described in recent reports.4,32-35 Thus, our
model offers the opportunity to evaluate single techniques
and combinations of techniques to identify favorable and
unfavorable protection strategies for future animal models.
This is important, because our results demonstrated that
SVP and DAP alone does not prevent but only reduces
small intestinal damage.
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